Abstract-We propose a novel scheme for the suppression of gain excursion in a cascaded erbium-doped fiber amplifiers (EDFAs) link. By applying the differential amplified spontaneous emission monitoring method on link-control gain clamping, it is possible to achieve gain clamping for the whole link irrespectively of the control-signal wavelength and characteristics of individual amplifiers. The suggested algorithm/circuitry does not require predefinition of the injected signal power and operates independently of the wavelengths of control/data signals to the EDFA, enabling its application to different amplified links under distinct design parameters.
I. INTRODUCTION
E RBIUM-DOPED fiber amplifiers (EDFAs) have become an essential element in the construction of high-capacity wavelength-division-multiplexing (WDM) transmission systems. However, at the same time, it is also well recognized that the cross-gain saturation effect in EDFA could result in harmful power transients and gain excursion to surviving channels in the network [1] , [2] . For the suppression of these transient effects, various gain-clamping optical/electrical systems have been suggested [3] - [5] . In general, these circuits consist of three major components: a gain-deviation detector, an error signal processor (controller), and an actuator such as a pump injection current driver or signal laser sources. It is also common to classify these circuits depending on the type of actuator, for example, link control [3] , all-optical feedback [4] , and pump-control [5] systems.
Of these, the link-control scheme distinguishes itself from other approaches in that it requires only one control circuit to be applied on the first amplifier in the link. For a typical link-control system, the gain deviation is determined by measuring the total input signal power and comparing the value with a predefined reference value implemented in a feed-forward controller. An additional out-of-band compensating signal is then injected along with the data signal so that the average inversion can be locked.
However, exact inversion locking cannot be achieved with a simple comparison of input power to the EDFA. The necessary change on the control-signal injection power can be calculated from [6] , (1) where adjustment of the control-signal power; , th channel's power before and after channel switching; , , , wavelengths and gains of the control signal and each th data channel, respectively. For a typical EDFA, the control-signal power estimated from the above formula could differ as much as 0.6 0.7 dB when compared to the simple summation of channel powers. This means that care must be taken in selecting the control-signal wavelength, and complex-scaling procedures must follow in order to avoid incomplete gain control. This cumbersome problem could be avoided by replacing the gain-deviation detector with the recently proposed differential amplified spontaneous emission (ASE) monitor [7] . With a simple comparison of the ASE powers extracted at the edges of the gain bandwidth, transient control of the amplifier with pump injection has been demonstrated, regardless of the steady-state gain or total input power to the amplifier [7] .
Here, we extend our former work to demonstrate the successful application of a differential ASE monitor to the link-control gain clamping method, to enable the link-control method work with a universal circuit independently of the input power level and control-signal wavelength, as well as the absolute operating conditions of the amplifiers. Fig. 1 illustrates the experimental setup for the EDFA link used in our study. A chain of three amplifiers composes the link. EDFAs were forward-pumped with 980-nm laser diodes, and the measured steady-state gains were 22.2, 16.9, and 14.4 dB, respectively. In order to simulate the transmission loss of a fiber span, variable attenuators were used between the amplifiers. A saturating tone at 9.5 dBm, which simulates seven wavelength channels, was provided by a tunable laser diode tuned at the wavelength of 1545.8 nm, and another tunable laser was used as a surviving channel at 1550.9 nm with 18 dBm of input power. The first amplifier was gain-controlled with the control 1041-1135/00$10.00 © 2000 IEEE signal at the wavelength of 1549.3 nm (Fig. 2) , while the others remained uncontrolled.
II. EXPERIMENTAL SETUP AND RESULTS
To detect the gain deviation of the first amplifier, we extracted sliced ASE powers at 1542.1 and 1556.5 nm with a pair of tunable interferometric filters, which were placed after the output tap of the first amplifier. The sliced ASE powers were amplified electrically by low noise op-amps that follow pigtailed p-i-n photodiodes, and fed to a comparator. The output of the comparator was used as the gain-deviation parameter for the PID controller. After the feedback process of the loop, the optical power of the control signal was dynamically controlled to drive the gain-deviation factor to become zero. It is worth mentioning that no measurement on the saturation characteristics of the EDFAs was necessary to get the reference value for the operation of this feedback loop, an advantage of the differential ASE monitoring method. Fig. 3 shows the steady-state power of the surviving channel measured at the final output of the EDFA link, as a function of the input saturating tone power. In open-loop operation, when the saturating tone power was changed by 15 dB, the surviving channel power varied by about 5.5 dB. Still, when the feedback loop was closed, the power excursion was suppressed to within 0.5 dB at the same range of saturating tone power variation.
To prove the flexibility of our scheme, we measured the power excursion of the surviving channel at the first amplifier output while changing the control-signal wavelength, and compared the results to those from the total input power monitoring approach. The EDFA was reconfigured to operate at relatively high inversion in order to more explicitly show the differences. As shown in Fig. 4 , when the total input power monitoring scheme was used, large power excursion was observed according to the control-signal wavelength. On the other hand, with the differential ASE monitoring method, the power excursions were suppressed to within 0.15 dB, at all control-signal wavelengths.
In order to investigate the dynamic response of the system, the power of the saturating tone was square modulated between 9.4 and 13.4 dBm at a 100-Hz repetition rate, simulating a situation where half of the input channels were added or dropped at the link input. Fig. 5 shows the final output power waveforms of the surviving channel that were obtained from a digital sampling oscilloscope in both open-and closed-loop conditions. In the open-loop condition, a steady-state gain excursion of 2.3 dB was observed when the saturating tone was modulated. With the feedback loop in operation, however, the excursion was suppressed to near 0 dB with about 1.4 dB of power overshoot and 250 s of transient time. The overshoot was about 0.9 dB when measured at the output of the first amplifier. This rather large overshoot could be further suppressed by using a faster driver circuit instead of the slow driver circuitry of the tunable laser, which was used as a control signal in the experiment.
III. CONCLUSION
We have suggested a novel link-control gain clamping system that incorporates the differential ASE power monitoring method as a gain-deviation detector. Using this approach, it is possible to achieve gain clamping of the total link regardless of the operating condition of the input stage gain-controlled amplifier, or the following uncontrolled EDFAs in the link. This approach distinguishes itself from previous link-control systems in that it fixes the inversion level of an EDFA rather than the total input power. High-accuracy reference-level-free control-signal-wavelength independent gain locking has thus been accomplished.
